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Abstract 
In order to understand the characteristic of coal-oxygen reaction, oxygen consumption of coal at low temperatures is tested. The 
results show that the change of oxygen consumption with the rise of temperature is a non-liner process. Oxygen consumption 
decreases with the rising of coal temperature from 30 ºC to 50 ºC  and reaches the minimum at 50 ºC. Then, it increases steadily 
and rapidly upon 50 ºC. This characteristic is more obvious for high rank coals. The difference of oxygen consumption at the 
same temperature is significant for different rank coals. The test shows the difference of the coal samples tested in the paper 
reaches 78.6% at 100 ºC. Based on the theory of coal-oxygen reaction, the phenomenon above is analyzed in the physical and 
chemical character, and the appearance of coal-oxygen is complex. 
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1. Introduction 
Self-heating and spontaneous combustion of coal pose a serious problem for both coal producers and users [1-4]. 
Statistics show that about 79.93% of the total mining coal seam have propensity to spontaneous combustion in 
China [4]. 
Coal oxidation takes place as soon as coal comes into contact with O2 in air at ambient temperature liberating 
heat which, if allowed to accumulate, would enhance the rate and ultimately lead to fires known as spontaneous 
combustion of coal. It’s a complicated physical and chemical process. Besides engendering itself as a thermal 
hazard, coal oxidation also affects the molecular structure of coal and alters the mass and elemental composition. As 
the key factor, study on the oxygen consumption is important for the research on spontaneous combustion of coal. 
Kam [5, 6], Berkowitz N [7], Volborth A [8], Badin E J [9], Haihui Wang and B.Z. Dlugogorski [10, 11] have researched 
the oxygen consumption on the basis of the information obtained from the oxidation products in the gas and solid 
phases and considers that two parallel reaction sequences are supposed to occur during coal oxidation at low 
temperatures. Qi Yingmin, Dai Guanglong researched static oxygen consumption at ambient temperature. Deng Jun 
and Xu Jingcai researched the oxygen consumption with different oxygen concentration. 
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2. Reaction of coal oxidation 
People began the study of the mechanism of coal spontaneous combustion in 17 century. Some theories were 
mentioned to explain this phenomenon. So far, there are pyrites theory, bacterial action, phenyl reaction, free radical 
reaction, electrochemistry theory, hydrogen reaction, activation group reaction and coal-oxygen interaction. Among 
them, coal-oxygen interaction theory is comparatively recognized by most people. 
Based on coal-oxygen interaction theory, spontaneous combustion is the final phase of coal oxidation which 
involves three phenomena: physical adsorption, chemical adsorption and reaction. Physical adsorption takes place as 
soon as coal comes into contact with O2 in air with the heat-release of 20.93 kJ/mol. At the same time, the gas in 
coal is released and vaporized water releases heat. With the rise of coal temperature, physical adsorption is 
weakened but chemical adsorption is enhanced with heat-release of 80~420 kJ/mol. Heat-release of chemical 
adsorption is the key to the process that coal oxidation turns to chemical reaction. When the coal temperature is high 
enough, the coal oxidation would be chemical reaction almost with the physical adsorption and chemical adsorption 
weakened. The chemical reaction between coal and oxygen release much more reaction heat which accelerated the 
reaction deeply. Because of the heat generated from the process of coal oxidation, the coal temperature rises 
continuously and results in spontaneous combustion. The process of coal-oxygen interaction can be expressed as the 
following model. 
 
Coal + O2                    Carbon-oxygen complex +He +Hg +HP +HC +HR +Products 
 
Where: He is the heat of water vaporizing; Hg is the heat of gas releasing; HP is the heat of physical adsorption; 
HC is the heat of chemical adsorption; HR is the heat of chemical reaction. 
Oxygen consumption is the significant parameter of coal-oxygen interaction process. Normally, it is comprised 
by physical adsorption, chemical adsorption, chemical reaction and the subsistence oxygen in the pore or cranny of 
coal. 
3. Experimental 
3.1.  Equipment 
The test system of oxygen consumption includes dry-air preheating tube system, cupreous sample reactor, 
program-controlled temperature enclosure, gas collection and analysis system, etc. The main body of the test system 
is 2001-type spontaneous combustion simulating system and GC4000A-type gas chromatography (Fig.1). Dry air 
preheating tube system preheats the dry air and sent them into sample reactor. Program-controlled temperature 
enclosure is comprised of stainless steel inside and asbestos outside. 
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Fig. 1. Test system of oxygen consumption of coal at low temperatures 
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3.2. Coal samples 
For the study of oxygen consumption at low temperatures, different ranks of coal were collected which included 
lignite, jet coal, non-caking coal, gas coal, gas rich coal, 1/3 coking coal, coking coal, lean coal, anthracite, etc. Then 
they were crushed and sieved as coal samples of which the particle size is 0.18 mm~0.42 mm according to the 
national standard. 
3.3. Testing procedure 
The testing procedure is enumerated as follows: 
• Check gas tightness of the test system, debug and adjust the gas chromatography; 
• Lay asbestos at the bottom of the cupreous coal reactor, then pack 50g coal sample into the reactor and lay 
asbestos on the top of coal sample preventing gas tube to be jammed. 
• Set the program-controlled temperature enclosure run at constant temperature of 30 ºC and make the dry air 
flowed through the reaction at a flow rate of 50 ml/min for half an hour. This step is for removing the gas and 
uniform temperature of coal. 
• Set the program-controlled temperature enclosure run at programmed temperature of 0.8 ºC/min and make the 
dry air flowed through the reaction at a flow rate of 8ml/min for 160 minutes. During this process, the 
temperature will be tested all the time and the gas sample from the reactor venthole will be tested every 10 ºC. 
• Register and process data. 
4. Results and discussion 
4.1. Oxygen consumption change at low temperatures 
Basing on the experimental data, Fig. 2 shows the trend of oxygen consumption with the rise of coal temperature. 
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Fig. 2. The trend map of oxygen consumption with the rise of coal temperature 
(1) Relationship between oxygen consumption and coal temperature 
Typical experimental results illustrating the oxygen consumption with time are shown in Fig. 2. It is observed 
that the oxygen consumption increases with the coal temperature and more rapidly increases after 70 ºC. At the 
beginning, oxygen consumption includes physical adsorption, chemical adsorption and chemical reaction in which 
most consumption is due to physical adsorption. Physical adsorption process will be balanced soon and the quantity 
is small comparatively. So the oxygen consumption at the beginning is little and increases slowly. With the coal 
temperature rising, the macrostructure and microstructure of coal will change distinctly. Macroscopically, because 
of water evaporation and gas release, pore structure of coal develops obviously with the temperature rising. So the 
internal surface area and pore volume are larger which result in the probability of coal-oxygen contacting more 
continually. Microscopically, activation constructs in coal increase obviously with the temperature rising. These 
activation constructs react with oxygen forming coal-oxygen complex which will decompose later and produce heat 
and other products. The reaction between coal and oxygen consumes a mass of oxygen. It’s the main causation of 
oxygen consumption increase. The macrostructure and microstructure of coal will change more distinctly after 70 
ºC. As a result of these changes, physical adsorption, chemical adsorption, chemical reaction and the subsistence 
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oxygen in the pore or cranny of coal are increasing all the time. Accordingly, oxygen consumption increases with 
the rise of coal temperature and the increased extent increases too. 
(2) Relationship between oxygen consumption and ranks of coal 
Basing on the experimental result, oxygen consumption at programmed temperature reduces with the increase of 
coal rank. When coal temperature is 100 ºC, the oxygen consumption of lignite of Beizao Coal Mine is 7.72% but 
the anthracite of Qianling Coal Mine is 1.65% just. Generally speaking, pore structure develops more adequately 
and activation constructs are more for low rank coal. Also, the increase extent of activation constructs of low rank 
coal is larger under the same conditions. So oxygen consumption of lower rank coal is larger. The essential is the 
difference of oxidation ability of different ranks coal. Oxygen consumption of high rank coal reflects its weak 
oxidation ability. 
4.2. Oxygen consumption change at the beginning 
Basing on the analysis of section 4.1, the oxygen consumption totally increases with the coal temperature and 
more rapidly increases after 70 ºC. But in the process of low temperature oxidation, oxygen consumption induces 
with the coal temperature transitorily. Oxygen consumption decreases with the rising of coal temperature from 30 ºC 
to 50 ºC and reaches the minimum at 50 ºC. Then, it will increase steadily and rapidly upon 50 ºC. This 
characteristic is more obvious for high rank coals. For low rank coals, this characteristic is inconspicuous. The 
duration and reduced degree is less comparatively or inexistent indeed. It can be explained as following. 
 (1) Microscopically, activation constructs in coal reacts with oxygen forming coal-oxygen complexes which 
decompose later producing heat and other products at the beginning of coal oxidation. And this process will 
accelerate the oxidation reaction. Because of combination with oxygen, the initial activation constructs in coal 
reduce rapidly. And the new activation constructs produced are few at low temperatures because the coal-oxygen 
complexes will not decompose until higher temperature [5-11]. On the other hand, the coal-oxygen complexes not 
decomposed cover the face of coal and weaken the contact of coal and oxygen. As a result of these, oxygen 
consumption induces with the coal temperature transitorily in the process of low temperature oxidation. For high 
rank coals, the initial activation constructs are few and the produce of new activation constructs is very difficult. So 
the change characteristic is more obvious for high rank coals (Fig. 3a). For low rank coals, the initial activation 
constructs are quite a lot and the producing of new activation constructs is very easy and correspondingly rapid. The 
producing of new ones exceeds the decrease of initial ones soon. So the characteristic above is inconspicuous for 
low rank coals or inexistent indeed (Fig. 3b). For lignite, the oxygen consumption increases with coal temperature in 
the whole process of coal oxidation. 
 (2) Oxygen consumption is comprised by physical adsorption, chemical adsorption, chemical reaction and the 
subsistence oxygen in the pore or cranny of coal. At low temperatures, most of the oxygen is consumed by physical 
adsorption and the subsistence oxygen in the pore or cranny. For the activation energy is high, most of the chemical 
reaction between coal and oxygen will not take place widely unless higher temperatures. With the rising of coal 
temperature, the kinetic energy of oxygen molecular will increase and desorption will become more easily. 
Accordingly, oxygen consumption induces with the coal temperature transitorily at the beginning. 
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Fig. 3. The trend map of oxygen consumption between 30 ºC ~70 ºC: (a) high rank coals; (b) low rank coals 
4.3. Oxygen consumption and coal temperature under the same conditions 
369Q. Xu-yao et al. / Procedia Earth and Planetary Science 1 (2009) 366–370 
Because of the physical and chemical character difference of coal, the time that coal samples reach an equal 
temperature is obviously different under the same conditions. From the 11 coal tested samples we can see that the 
longest time that coal samples need to reach 100 ºC is 160min while the shortest is 139 min. It is the difference of 
oxidation ability. 
The oxygen consumption of different types of coal are obviously different after the same oxidizing time. The 
oxygen consumption and coal temperature are tested when the coal is oxidized for 160 min. The results represent 
that the largest oxygen consumption is 9.59% while the smallest is 3.02% and the highest coal temperature is 116.7 
ºC while the lowest is 100 ºC. The reason is the difference of oxidation reaction heat and specific heat capacity of 
coal. If the specific heat capacity is lower or the oxidation reaction heat is higher, the coal temperature will be higher 
after the same oxidizing time. 
5. Conclusions 
1) The change of oxygen consumption with the rise of temperature is a non-liner process. With the coal 
temperature rising, the internal surface area and pore volume become larger and the quantity of activation constructs 
in coal increases obviously. And the chemical reaction slowly becomes the main reaction type of coal oxidation 
which consumes more oxygen. As a result, the oxygen consumption increases with the coal temperature. Above 70 
, the increase trend will be more obvious which is likely to be an approximate exponential relationship. 
2) Oxygen consumption is closely related to the coal rank. For low rank coal, the pore structure develops more 
adequately and there are more activation constructs. Also, the increase extent of activation constructs of low rank 
coal is larger under the same conditions. So oxygen consumption of lower rank coal is larger than that of the higher 
rank coal. The essential is the different oxidation ability of different ranks of coal. 
3) In the process of oxidation at a low temperature, oxygen consumption occurs transitorily. Oxygen 
consumption decreases with the rise of coal temperature from 30 ºC to 50 ºC and reaches the minimum at 50 ºC. 
Then, it will increase steadily and rapidly above 50 ºC. This character is more obvious for high rank coals. It can be 
explained from activation constructs, coal-oxygen complexes, coal-oxygen reaction type and so on. 
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